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THE DISAPPEARANCE OF GLUCOSE FROM
INCUBATED BLOOD CONTAINING
ADDED ELECTROLYTES*t
T. S. DANOWSKI
It has been demonstrated that the disappearance of glucose from
defibrinated human blood during incubation at 370 C. is associated with
transfers of ions between plasma and cells.2' 7 12, 13 This raises the possibility
that the rate of this loss of glucose may be influenced by altering the con-
centrations of electrolytes present in such a system. The likelihood that
such an interrelationship exists is supported by the demonstration that ions
serve as catalysts in the glycolytic cycle of animal tissues and of yeasts.5
The studies in this paper, in part presented in a preliminary note elsewhere,3
describe the influence of various inorganic salts of sodium and of certain
inorganic chlorides upon the rate at which glucose disappears from
incubated blood.
Procedure
Venous blood withdrawn from healthy adults and diabetic or non-diabetic patients
was defibrinated aerobically by stirring with a glass rod during a six- to eight-minute
period. Most of the subjects were in the absorptive state. Following the addition
of enough of a 25% solution of glucose to raise the concentration of sugar to 159 mg.%
or higher, the blood was apportioned in 2.0 or 5.0 cc. aliquots into 25 cc. Erlenmyer
flasks.
In the series of experiments presented in Table 1 solutions of NaCl, KC1, or
MgCl, in water, 4.0, 2.0, and 0.25 equivalents per liter, were introduced in volumes
sufficient to increase the concentration of these ions in the blood samples by 40, 20,
and 2.5 milliequivalents per liter respectively. In another group, Table 2, the effects
of similar increases of CaCl2, NH4Cl, and HCl were studied. Table 3 describes
changes in the rate of glucose disappearance induced by the addition of Na2SO4,
Na2HPO4, NaHCOs, or NaOH. In the final series of experiments, Table 4, altera-
tions produced by increments of NH4Cl, Na2HPO4, or (NH4)2HP04 have been
compared.
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Following the addition of the aqueous solutions of these various salts, and of dis-
tilled water only to the control bloods to maintain constant volumes, the Erlenmyer
flasks were tightly stoppered and then incubated at 37° C., with occasional shaking,
for seven hours. The concentrations of blood glucose were measured in duplicate
before and after incubation.', X Control studies indicated that the addition of the
various salts did not interfere with the analytical procedure for glucose, and that
the results presented in these tables cannot be attributed to bacterial contamination.
Results
In the first twelve experiments presented in Table 1 it is evident that the
rate of glucose loss was entirely unaffected by the addition of the chloride
TABLE 1
DISAPPEARANCE OF GLUCOSE FROM INCUBATED BLOOD CONTAINING ADDED
NaCl, KCI, or MgCl2
Bl. sugar Level of sugar (mg.%o) after incubation of blood
at start* containing added salt in following concentrations
Expt. (mg. %) 0 mEq./L. 2.5 tEq./L. 20mEq./L. 40mEq./L.
1. NaCl 244 164 162 164 162
2. NaCl 375 326 316 318 326
3. NaCl 163 78 82 80 79
4. NaCl 200 .83 84 83 89
5. NaCl 291 214 210 210
6. NaCl 377 308 300 306 300
7. KCI 248 185 180 180 184
8. KCI 229 159 149 152 153
9 KCI 223 147 139 140 141
10. KCI 264 168 164 169 164
11. KCI 247 175 161 170 171
12. KCI 248 168 164 176 172
13. MgCl2 159 95 94 105 106
14. MgC12 196 115 107 116 117
15. MgC12 211 84 81 93 94
16. MgCl2 248 136 132 144 146
17. MgC12 193 120 128 122 117
18. MgCI, 225 135 147 137 169
* Following the addition of a solution of 25%'o glucose
cedure employed in experiments in Tables 2, 3, and 4.
in water. Similar pro-
salts of sodium or potassium in amounts sufficient to increase their con-
centration in blood by as much as 40 mEq. per liter. The maximum varia-
tions from the controls observed in this series, Experiments 4 and 11, are
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not significant in view of the error ofabout 5%o inherent in the measurement
of the blood glucose levels. Similar increments of MgCl2, on the other hand,
definitely retarded glucose loss in one experiment (Number 18 in Table 1),
and apparently exerted a similar though less pronounced effect in two
others (Numbers 13 and 15). Since the final blood glucose concentration in
these three studies was higher than that of the controls by 10%jo or more,
these differences are probably significant.
In contrast to the entirely negative results obtained with NaCl or KC1,
and the occasional retardation observed with MgCl2, alterations in the
disappearance rate of glucose occurred consistently in blood in which CaCl2,
NH4Cl, or HCl had been increased by 40 mEq. per liter (Table 2). It is
TABLE 2
ALTERATION IN THE RATE OF GLUCOSE LOSS IN INCUBATED BLOOD FOLLOWING THE
ADDITION OF CaCl, NH4C1, OR HC1
Expt.
1. CaCG2
2. CaC12
3. CaC12
4. CaCG2
5. CaCG2
6. CaCG2
7. CaCG2
8. CaC12
9. NH4C1
10. NH4C1
11. NH4C1
12. NH4C1
13. NH4CG
14. HCG
15. HC1
16. HC1
17. HCG
18. HC1
Bl. sugar
at start
(mg.%)
248
163
211
224
196
159
196
257
224
227
273
229
248
227
236
248
229
222
Level of sugar (mg.%) after incubation of blood
containing added salt in following concentrations
0mEq./L.
136
78
84
134
115
95
97
161
128
163
182
159
185
163
156
185
159
141
2.5mEq./L.
134
85
82
134
108
92
101
173
118
149
168
150
170
162
162
180
164
150
20mEq./L.
140
96
100
142
124
106
111
195
97
138
144
132
164
203
202
214
194
180
40mEq./L.
174
104
114
152
135
120
102
137
146
131
160
222
231
245
232
214
apparent that the calcium salt or HCI invariably retarded the loss of glucose
at these concentrations, while ammonium chloride accelerated the process.
With lesser increases, 20 mEq. per liter, similar but less marked changes
25YALE JOURNAL OF BIOLOGY AND MEDICINE
were observed in each of the experiments with HCl or NH4Cl, and in most
of the studies with CaCl2. In the blood samples in which the effects of small
increments were tested, 2.5 mEq. per liter, no definite or consistent trend
was observed with CaCl2 or HCI. NH4Cl, however, still seemed to accel-
erate the catabolism of glucose in view of the increased fall in the level of
sugar with progressively larger amounts of NH4Cl.
Acceleration of glucose disappearance was generally observed in blood
in which the two higher concentrations of Na2SO4, Na2HPO4, NaHCO3,
or NaOH were present (Table 3). It is to be noted, however, that in the
studies with NaOH maximum increases in the rate at which sugar dis-
TABLE 3
ACCELERATION OF GLUCOSE CATABOLISM FOLLOWING THE ADDITION OF SULFATE,
PHOSPHATE, BICARBONATE, OR HYDROXYL IONS
Bl. sugar Level of sugar (mg.%) after incubation of blood
atstart containing added salt in following concentrations
Expt. (mg. %) 0mEq./L. 2.5 mEq./L.* 20mEq./L* 40m.Eq./L.*
1. Na2SO4 234 156 108 64 54
2. Na2SO4 185 139 113 99 87
3. Na2S04 211 139 96 56 46
4. Na2SO4 200 83 83 50 50
Na2HPO. 67 38 30
5. Na2SO4 377 308 300 274 255
Na2HPO. 279 254 232
6. Na2S04 375 326 314 282 265
Na2HPO. 294 262 232
7. Na2S04 288 187 165 140 134
Na2HPO4 167 117 100
8. Na2SO4 283 178 153 130 115
Na,HPO4 153 109 79
9. NaHCOs 227 163 156 146 125
10. NaHCOs 291 214 216 200 167
11. NaHCO8 223 147 128 109 93
12. NaOH 273 182 165 129 168
13. NaOH 229 159 142 114 128
14. NaOH 248 185 160 137 140
* Expressed as mEq./L., assuming that these salts dissociate fully. This is not
necessarily the case, of course, in a solution of Na2HPO4, for example. It may be
true, however, if any individual electrolyte is removed from solution following dis-
sociation.
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appeared were observed at 20, and not at 40, mEq. per liter. In a series of
comparisons in Experiments 4 through 8, Na2HPO4 in the two higher con-
centrations accelerated glycolysis to an extent greater than did Na2SO4.
A similar quantitative difference was present with the smallest increments
in the sense that Na2SO4 occasionally had no effect on glycolysis, while
Na2HPO4 invariably hastened it. The results with NaHCO3 and with
NaOH using these same small increments were also variable. Acceleration
was observed in some of the experiments and no change in the remainder.
The final table, Number 4, illustrates that the accelerating effects of
NH4Cl and of Na2HPO4 are clearly additive. From the drop observed with
TABLE 4
ADDITIVE EFFECTS OF PHOSPHATE AND AMMONIUM IONS IN ACCELERATING THE
DISAPPEARANCE OF GLUCOSE FROM BLOOD DURING INCUBATION
Level of sugar (mg.%) after incubation of blood containing added Bl. Sugar
atstart NH4Cl Na2HPO4 (NH4)2HPO4
Expt. (mg.%) 0mEq.IL. 40mEq./L. 40mEq./L. 40mEq./L.
1. 273 182 146 92 55
2. 222 127 100 37 16
3. 264 168 144 75 49
4. 257 191 171 135 124
5. 236 156 136 80 68
6. 247 175 155 101 81
each salt independently one would expect that the ammonium and phosphate
ions in combination would lower the sugar to 56, 10, 51, 115, 60, and 81
mg.%, respectively, in Experiments 1 through 6. This agrees closely with
the observed values of 55, 16, 49, 124, 68, and 81 mg.%.
Discussion
Unequivocal evidence has been presented that the addition of certain
salts to defibrinated blood can modify the rate at which glucose is converted
to lactic acid in zitro. These increments of electrolytes produced comparable
effects in blood obtained from both diabetic and non-diabetic subjects. In
view of the negative findings in the NaCl studies, and the essentially com-
plete ionization of this salt in solution in body fluids, it seems reasonable
to assert that increases in the sodium and the chloride ion exert no effect,
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or a diametrically opposed one, on the rate of glucose loss. If the former
interpretation is correct, the retardation observed with CaC12, HCl, or
MgCl2 is to be attributed to the calcium, hydrogen, and magnesium ions
respectively. Similarly, the accelerating effect of NH4C1 is presumably
related to the ammonium ion. Also, if in accordance with the above reason-
ing the sodium ion is taken to be without effect on the loss of glucose, the
hastening of this process by NaHCO3, Na2SO4, Na2HPO4, or NaOH must
be ascribed to the particular ions associated with the sodium. It would
appear, therefore, that, except for chloride, the anions which were studied
accelerated, while the hydrogen ion and the divalent cations (calcium and
magnesium) retarded the breakdown of glucose. The acceleration observed
with NH4C1 under these circumstances would be the only example of an
acceleration of glucose loss by a univalent cation.
The mechanisms whereby these salts exert their particular effects are
not clear. Although changes in the pH toward the acid or the alkaline side
have long been known to be associated with a decrease or an increase in
glycolysis respectively,20' 21,24 this does not appear to be the sole explanation
for the findings in these studies. Direct measurement of the pH by means
of a glass electrode at the end of incubation failed to reveal, except in the
case of NaOH, HCI, and NaHCO3, any significant deviation from the
control specimens. This can perhaps be most clearly illustrated by citing the
results of pH measurements in a representative experiment at the end of
seven hours of incubation of blood samples containing salts which failed to
affect, retarded, or accelerated glucose disappearance. KCI, CaCl2, and
(NH4)2HP04 were added to aliquots of blood in triplicate; at the end of
incubation the pH values were found to be 7.62, 7.63, and 7.53, respectively.
There is no evidence in this study, nor in others comparable to it, that the
increased glucose loss following (NH4)2HP04 is to be attributed directly
to an upward shift of the pH; nor that the retardation observed after CaCl2
is produced by a shift toward the acid side. The slightly lower values in the
(NH4)2HP04 blood may merely reflect the presence of larger amounts of
lactic acid as a result of increased glycolysis.18 Similar findings were
obtained in studies in which the pH was measured in bloods containing
added NaCl, MgCl2, Na2HPO4, Na2SO4, or NH4C1 in 40 mEq. per liter
concentrations.4 In all of these experiments the pH of the blood immediately
following the aerobic defibrination was found to be approximately 7.8,
presumably as a consequence of the loss of carbon dioxide,'6 and a lowering
of its temperature following withdrawal.25 With the production of lactic
acid from glucose, the pH decreased.8 17 On the other hand, the effects of
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NaOH, HCl, and NaHCO3, are quite likely related to the optimal pH range
for the glycolytic process.18' 21 The complete cessation of glucose catabolism
with high concentrations of HCI, and the lesser effects of 40 than of 20 mEq.
per liter increases of NaOH in accelerating the process, represent in all
probability injury or destruction of blood cells. This is supported by the
darker color of blood containing the higher concentrations of HCI and
NaOH.
It may be that the alterations observed after addition of the calcium salts
were related to hemolysis, since destruction of the blood cells is known to
interfere with glycolysis.6' 9, 15, 19 In a series of separate experiments not
reported here it has not been possible to demonstrate retardation following
the addition of calcium salts without producing a concomitant hemolysis.
Similar results were obtained with another divalent ion, barium, which has
the same effect on the disappearance of blood glucose as does calcium and
produces an equivalent degree of blood cell destruction.4 However, even
though hemolysis may be a factor in the effects produced by calcium,
it is not necessarily the sole reason for the retardation of glucose loss.
Calcium might act, for example, by removing from solution as insoluble
calcium salts other participants in the cycle, such as phosphates. The studies
of Roche and Roche do not clarify this point, since the degree of hemolysis
was not noted.22
A number of observers have commented upon the acceleration of the
bloodc glycolytic process following the addition of phosphate salts.10' 14,22,23
Mass effects are probably responsible for this increased catabolism of
glucose, since the phosphate radicle participates in the intermediate metabol-
ism of this carbohydrate.5 10, 12,27 On the other hand, explanation of the
effectiveness of the sodium sulfate is particularly difficult because incre-
ments of the sulfate ion are apparently excluded from blood cells.11 This
problem cannot be circumvented by suggesting that the sulfate salt first
hemolyzes cells. This does not appear to be the case, even though its con-
centration is increased by as much as 40 mEq. per liter. It should be pointed
out, however, that hemolyzed blood still does respond, though at a lower
rate, to the accelerating action of salts which contain the sulfate or
phosphate radicle.4
These findings provide further evidence of the participation of inorganic
ions in one type of carbohydrate catabolism. It is realized that in some, but
not all, instances the concentrations at which the effects described in this
paper were observed outside the realm of physiological alterations.
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Summary and conclusions
1. The disappearance of glucose from defibrinated human blood during
incubation may be retarded by CaCl2, MgCl2, or HCI.
NaHCO3, Na2SO4, Na2HPO4, NaOH, NH4Cl, or (NH4)2HP04.
3. Increments of NaCl and KCl as high as 40 mEq. per liter fail to
modify the rate of glucose disappearance.
2. An accelerated loss of glucose occurs in blood which contains added
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